This article provides an overview of in vivo magnetic resonance (MR) imaging contrasts obtained for mammalian brain in relation to histological knowledge. Emphasis is paid to the (1) significance of high spatial resolution for the optimization of T 1 , T 2 , and magnetization transfer contrast, (2) use of exogenous extra-and intracellular contrast agents for validating endogenous contrast sources, and (3) histological structures and biochemical compounds underlying these contrasts and (4) their relevance to neuroradiology. Comparisons between MR imaging at subnanoliter resolution and histological data indicate that (a) myelin sheaths, (b) nerve cells, and (c) the neuropil are most responsible for observed MR imaging contrasts, while (a) diamagnetic macromolecules, (b) intracellular paramagnetic ions, and (c) extracellular free water, respectively, emerge as the dominant factors. Enhanced relaxation rates due to paramagnetic ions, such as iron and manganese, have been observed for oligodendrocytes, astrocytes, microglia, and blood cells in the brain as well as for nerve cells. Taken together, a plethora of observations suggests that the delineation of specific structures in high-resolution MR imaging of mammalian brain and the absence of corresponding contrasts in MR imaging of the human brain do not necessarily indicate differences between species but may be explained by partial volume effects. Second, paramagnetic ions are required in active cells in vivo which may reduce the magnetization transfer ratio in the brain through accelerated T 1 recovery. Third, reductions of the magnetization transfer ratio may be more sensitive to a particular pathological condition, such as astrocytosis, microglial activation, inflammation, and demyelination, than changes in relaxation. This is because the simultaneous occurrence of increased paramagnetic ions (i.e., shorter relaxation times) and increased free water (i.e., longer relaxation times) may cancel T 1 or T 2 effects, whereas both processes reduce the magnetization transfer ratio.
Introduction
Continuous development in magnetic resonance (MR) technology enables investigation of the structure and function of the human body in vivo at increasing spatial and temporal resolutions. A minimum voxel size of 58 nl has been shown feasible for such investigation in humans, 1,2 but a resolution below 1 nl (i.e., 100 µm isotropic) is achievable for rodents because their body size allows use of smaller MR imaging magnets and higher field strengths. Although organ sizes differ, most basic histological structures and their respective biochemical compositions are common in all mammals, from humans to mice. 3 This opens new research perspectives by correlating structural and biochemical insights obtained by in vivo MR imaging to knowledge obtained by ex vivo histology and vice versa. For example, particular neural structures can only be distinguished at a resolution of 0.2 nl or less, 4 which minimizes contrast-eliminating partial volume effects. On the other hand, the diagnostic specificity of MR imaging contrasts for diverse brain pathologies needs further clarification. This article provides an overview of current insights into the relation between MR imaging contrast and histological evidence. It emphasizes the (i) significance of subnanoliter resolution for MR imaging to identify the sources of endogenous T 1 , T 2 , and magnetization transfer (MT) contrast in the brain in vivo, (ii) validation of endogenous contrasts via enhancements by the most commonly used exogenous agents, gadolinium chelates and manganese (Mn 2+ ) ions, 6 (iii) histology underlying these basic MR imaging contrasts, and (iv) potential relevance to neuroradiology. We do not consider T 2 * contrast induced by exogenous agents because it was recently reviewed elsewhere 7 nor contrasts based on diffusion because subnanoliter resolution was only recently demonstrated in vivo. 8 
In vivo Brain MR Imaging
Signal intensities and image contrast in MR imaging of the brain are primarily determined by the spin density of water protons. 2, 9, 10 However, depending on the technique chosen for data acquisition, a variety of different contrasts may be obtained, which reflect the T 1 or T 2 relaxation properties of mobile water protons, magnetization transfer between water and macromolecular protons, or extra-and intracellular distribution of exogenous contrast agents in brain tissue.
Endogenous T 1 contrast
In general, proton T 1 relaxation processes are strongly promoted if the molecular fluctuation rate and Larmor frequency are on the same order of magnitude. 11 In the human brain, T 1 relaxation of water protons is accelerated by close contact to macromolecular protons, e.g., at myelin sheaths, 12 so that the intensity is higher of white matter (WM) than gray matter (GM) in T 1 -weighted (T 1 W) MR imaging (Fig. 1a) . This WM/GM contrast is preserved through species, e.g., in the squirrel monkey (Fig. 1b) . In addition, however, the higher spatial resolution in the latter case also reveals high intensities within the GM, e.g., in the hippocampal formation (arrows and arrowheads, Fig. 1c ). This pattern of bright GM signals is preserved from the squirrel monkey to the marmoset (Fig. 1d) and rat (Fig. 1e) . Comparison between subnanoliter T 1 W MR imaging recordings and histological stains (Fig. 1f ) then allows identification of nerve cell assemblies as the source of these bright signals. Extended studies in the mouse brain in vivo (Fig. 1g,  h ) further confirm this endogenous T 1 contrast in the GM.
Endogenous T 2 contrast
Slowly tumbling macromolecules attached to myelin effectively accelerate the T 2 relaxation of nearby water protons in WM. 11 Nevertheless, their contribution to overall MR imaging contrast is limited because myelin water makes up only a small fraction of WM water 2, 21 and because the water exchange between compartments, 12 e.g., between myelin and bulk water, is slow relative to the T 2 . As a second mechanism, water proton density may have an even greater influence on WM/GM contrast in T 2 -weighted (T 2 W) MR imaging because it is affected by the myelin sheaths occupying the extracellular space. In fact, the concomitant reductions in T 2 and proton density caused by myelin contribute to the low signal of WM in T 2 W MR imaging, as shown for the human cerebellum in vivo (Fig. 2a) . Though this pattern of contrast appears to be preserved from humans to the squirrel monkey (Fig. 2b) and marmoset (Fig. 2c) , subnanoliter T 2 W MR imaging of the cerebellum of a mouse (Fig. 2d) shows additional signal reductions in the GM, i.e., the cortex. This clearly indicates that the myelin sheaths are not the exclusive source of T 2 contrast in the cerebellum in vivo. In fact, several studies report a linear relationship between iron content and T 2 in brain tissue.
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Magnetization transfer
Magnetization transfer techniques 26, 27 exploit the cross relaxation between water protons and macromolecular protons, using the conventional MR imaging signal from mobile water protons to detect the effect of broadband excitations of immobilized proton signals that extend over tens of kilohertz and dephase too quickly (T 2 < 1 ms) to be visible on MR imaging. The observable decrease of the mobile MR imaging signal is a transferred measure of the saturation of immobilized protons by off-resonance irradiation, which occurs as a combination of dipole-dipole interactions, proton exchange, and water exchange between both pools. The rate of the magnetization transfer is strongly dependent on the relative concentrations of water and macromolecules. 9 Spoiled gradient-echo MR imaging is the method of choice in obtaining magnetization transfer contrast at subnanoliter resolution. 28 Proper off-resonance pulses, moderate echo times, and low flip angles allow for optimized magnetization transfer contrast, while a short repetition time (TR) ensures access to high spatial resolution within a reasonable measuring time. Figure 2e and f show magnetization transfer contrasts in the cerebella of a marmoset (2e) and mouse (2f ) in vivo. The magnetization transfer contrast is similar to T 2 contrast, although the areas with MTreduced intensities are clearly smaller. This confirms that the mechanism underlying MT contrast is different from that of T 2 . Strong magnetization transfer occurs in WM (black arrows in Fig. 2e, f ) between diamagnetic macromolecules and water, whereas cell assemblies in the cortex have higher concentrations of water and paramagnetic ions than WM. The hydrophilic paramagnetic ions reduce the magnetization transfer effect because the MT saturation of water protons through diamagnetic macromolecules in nerve cells is effectively offset by enhanced T 1 recovery. [28] [29] [30] [31] [32] 
Extracellular agents: gadolinium chelates
Gadolinium chelates are widely used in humans to assess impairment of the blood-brain barrier, through which the agents may reach the extracellular fluid of the brain. Several investigations [33] [34] [35] [36] [37] [38] explored the diagnostic potential of their administration into the cerebrospinal fluid in more than 100 human patients. Distributed over the cerebrospinal and extracellular fluid of the entire central nervous system, the chelates induce a unique contrast in brain MR imaging. 19, [39] [40] [41] [42] [43] In GM, the resulting contrasts are in excellent agreement with histological stains of intracellular compounds. 19 For example, as shown in the cerebellum (Fig. 2g, h ), gadolinium chelates generate different signal intensities for the Purkinje cell layer (white arrow), granule cell layer (white arrowheads), and molecular layer (asterisks) in agreement with the histological staining of nerve cells. Similarly, in the hippocampal formation ( Fig. 3a-c) , plain T 2 W MR imaging (Fig. 3a) and gadolinium-enhanced T 1 W MR imaging (Fig. 3b) resemble the Nissl-stained histology (Fig. 3c) . Neuropil areas (asterisks; the stratum lacunosum-moleculare) show high signal intensity in agreement with their sparse staining, whereas the most densely packed granule cell layer (white arrowheads) and pyramidal cell layer (white arrows) show the lowest signal intensity in agreement with their dense staining. Tissues with moderate staining present with correspondingly low MR imaging signal intensities, e.g., the strata lucidum and multiforme (s in figure) . A difference from histology is seen only for WM (black arrows) that presents with the lowest signal intensity in areas that remain unstained.
These findings suggest that the underlying contrast mechanism mainly reflects the ratio of water protons between the intra-and extracellular spaces. In membrane-rich WM, the chelates will be less concentrated because the polar heads of cell membrane lipids hinder the diffusion of the hydrophilic chelates into the hydrophobic region. 28 The same mechanism has been used to improve MR imaging detection of amyloid plaques in the mouse brain 44 because the chelates will be less concentrated in hydrophobic amyloid deposits than the surrounding intact GM. The resulting difference in T 1 between different tissue elements provides T 1 W MR imaging with a 16-to 30-fold higher contrast-tonoise ratio 19 compared to that of plain T 2 W MR imaging. These observations may help improve understanding of the mechanisms and structures that determine endogenous T 1 and T 2 MR imaging contrast. For example, the similarities between gadolinium-enhanced MR imaging and T 2 W MR imaging support the view that the endogenous contrast mainly reflects the extracellular fluid content in tissue.
Intracellular agents: Mn
2+ ions Delivery of manganese (Mn 2+ ) ions to the brain can improve contrasts in T 1 W MR imaging. 6, 7, 45 After entering the systemic blood circulation and crossing the capillary endothelium, Mn 2+ ions are supposed to accumulate in the cytosol, 46 mitochondria, 46 ,47 lysosomes, 48 and microsomes 49 of brain cells, where they may bind to cytosolic proteins 47, 49, 50 and inner mitochondrial membranes. 51 The resulting immobilization of Mn 2+ ions increases their longitudinal relaxivity in vivo by reducing the contribution of the rotational correlation time. On the other hand, the ions do not enter the hydrophobic hydrocarbon regions of membranes and will be less concentrated in membrane-rich WM. 30 As a result, Mn 2+ reverses the contrast between WM (black arrows, Fig. 4 ) and GM while highlighting the nerve cell assemblies, e.g., in the hippocampal formation and habenula (white arrow and dashed circle), as shown in Fig. 4a and b. Suppression of the WM signal (black arrows, Fig. 4 ) by MT further improves the contrast induced by Mn 2+ , as shown in Fig. 4c , because the presence of intracellular paramagnetic ions effectively cancels the magnetization transfer effect in the GM, i.e., on nerve cells. 30 -32 At a resolution of 0.16 nl (Fig. 4d ), MR imaging reveals that Mn 2+ also strongly enhances specialized neuropils, i.e., the strata multiforme and lucidum (s in Fig. 4e ) despite their smaller intracellular volume (Fig. 3b, c) .
Figure 5a-d show almost no endogenous T 1 contrast in the cerebellum of humans and the squirrel monkey, marmoset, and mouse. Only the outermost molecular layer can be distinguished as a rim of low intensity at subnanoliter resolution (Fig. 5d ).
This observation is in agreement with the view that nerve cells as well as myelin shorten T 1 and T 2 relaxation times (Compare Figs. 1 and 2) . Accordingly, as Fig. 5e-h show, the outermost layer of the areas of high intensity is enhanced by Mn 2+ (the Purkinje cell layer, white arrow). Magnetization transfer saturation further improves the Mn 2+ -induced contrast by suppressing signals from the neighboring myelinated tissue (black arrow in Fig. 5 ) while leaving nerve cells unaffected. 30 -32 These MR imaging findings confirm that (1) nerve cells appear bright in plain T 1 W MR imaging, (2) Mn 2+ ions accumulate predominantly in intracellular spaces because their accumulation at outer cell surfaces would enhance the WM more than the cell assemblies and additional MT would reduce the Mn 2+ -induced contrast, and (3) intracellular paramagnetic ions may counterbalance MT saturation. 30 -32 In addition, at high spatial resolution, a comparison of MR imaging contrasts due to Mn 2+ (Figs. 4d, 5g ) and gadolinium chelates (Figs. 2g, 3b) with cell staining (Figs. 1h, 3c, 5h ) unravels a discrepancy between Mn 2+ enhancement and intracellular volume that indicates that Mn 2+ reflects cellular activity that is disproportionate to 
Histology
Even the simplest macroscopic inspection readily reveals some regions of freshly cut brain to be shiny white and others that appear darker-the WM and GM. The lipid-rich myelin sheaths create the typical appearance of the WM, and the water-rich GM forms a more grayish background. Within the GM, the nerve cell bodies, often densely assembled, are surrounded or flanked by the neuropil, i.e., feltwork of dendrites and initial/terminal segments of axons. 3 Within particular cerebral cortices, iron ions are most concentrated in a layer in which oligodendrocytes actively produce myelin sheaths. Table 1 summarizes the effects of these structural elements and their representative chemical compounds on MR imaging contrasts, and the following sections provide more detailed explanations.
Myelin
Myelin sheaths in the brain represent the extended plasma membranes of oligodendrocytes, which serve as electrical insulators for axonal conduction. Their content of macromolecules (>42%) is higher than that of all other brain tissues (about 6%), and their water content (about 40%) is lower than that of other brain tissues (about 80%). [53] [54] [55] [56] Accordingly, WM has less extracellular space 28 and correspondingly less water content (about 70%) than GM (about 80%). This difference in extracellular free water is the prime cause for WM/GM contrast seen by in vivo MR imaging. In other words, occupation of the space by the myelin sheaths reduces extracellular fluid content and, thus, water proton density. Without myelin, the WM/GM contrast in T 1 W, T 2 W, and magnetization transfer MR imaging would be substantially reduced because the water content of the non-myelin portion of brain WM is not different from that of GM (both about 80%). 2, 9, 10, 53, 57 In plain T 2 W MR imaging, additional T 2 shortening by myelin may contribute to the WM/GM contrast, although to a limited degree.
2 Whereas immobilized myelin macromolecules accelerate the transverse relaxation of affected water protons (T 2 < 15 ms), the myelin water comprises only a small volume fraction (<15%) in WM, 2, 21 and its exchange with other compartments is slow. 12 Accordingly, WM/GM contrast is not much observed in T 2 maps of the human brain 2 because the T 2 is similar of the non-myelin water in WM and the water in GM. 2, 21 With regard to macromolecules, only lipids play a significant role in WM/GM MR imaging contrast because there is no substantial difference in WM/ GM concentration in proteins, carbohydrates, or nucleotides. 55 Among brain lipids, galactocerebrosides have a significantly stronger effect than cholesterols or phospholipids on T 1 relaxivity and MT saturation. 58 In plain T 1 W MR imaging, WM/GM differences in proton density and relaxation offset each other. At higher magnetic fields, WM/GM contrast is even more difficult to obtain because T 1 relaxation becomes increasingly ineffective. 57 However, the distribution of T 1 -shortening gadolinium chelates in extracellular water yields a strong WM/GM T 1 contrast 19 because the contributions of spin density and relaxation again turn additive.
In plain magnetization transfer-weighted MR imaging, differences in proton density and MT both contribute to the WM/GM contrast. At higher magnetic fields, contrast improves because slower T 1 recovery enhances the MT saturation. The use of exogenous agents can further strengthen the MT contrast for WM/GM 28,30 because (1) polar heads of the lipids prevent the hydrophilic agents from diffusing into the hydrophobic parts of the myelin, (2) the T 1 -shortening agents are thus more concentrated in GM than WM, and (3) faster T 1 recovery abolishes the MT saturation of GM water protons.
Nerve cells
In vivo brain MR imaging at subnanoliter resolution (Figs. 1-5 ) identifies multiple aspects of the cerebral cytoarchitecture that are otherwise difficult to detect. 2 In GM, nerve cell bodies are often tightly assembled as layers or nuclei that play specific roles as functional units. Based on the shorter relaxation times of water in intracellular spaces compared to free water, 59 cell assemblies can be delineated by T 1 and MT-weighted MR imaging. 29 Comparisons of T 1 , T 2 , and MT contrast at sufficient resolution indicate that the relaxation enhancement predominantly reflects the presence of paramagnetic ions and does not primarily result from interactions with diamagnetic macromolecules. In comparison with WM, cell assemblies have lower concentrations of diamagnetic macromolecules and greater concentrations of paramagnetic ions, which together contribute to significantly less magnetization transfer and thus enable their distinction from WM. 29 Trace elements in the body and brain, such as iron, zinc, manganese, copper, and selenium ions, which are essential for diverse cellular functions, are more concentrated in GM cell assemblies than WM. 62 Accordingly, administration of Mn 2+ ions reduces both T 1 and MT significantly more in GM cell assemblies than in WM in vivo. 30 Iron is the most abundant paramagnetic ion in the body and brain. Active cells require iron as a key component of enzymes involved in oxygen transport and metabolism. 63 Most iron is chelated and stored in the protein ferritin as Fe 3+ , 23,63 which shortens water proton T 1 and T 2 relaxation times. 23, 64 Accordingly, several studies reported T 1 and T 2 effects as a function of iron content 10, [23] [24] [25] 65 in the human brain, with concentration in the globus pallidus (GP) among the highest. Though T 2 W MR imaging shows a similar pattern of signal reduction around the GP (white arrows in Fig. 6a c) in humans and the squirrel monkey and marmoset, subnanoliter MR imaging of the mouse brain reveals WM structures (black arrows in Fig. 6d ) as the internal capsule at the border of the GP (upper white arrows in Fig. 6d ). In fact, comparisons with magnetization transfer MR imaging (Fig. 6e, f ) , which exclusively depicts WM (black arrows in Fig. 6e, f ) , indicate that low resolution T 2 W MR imaging (Fig. 6a-c) alone barely delineates the GP from neighboring WM. For the same reason, the signals of the hippocampal pyramidal cell layers (lower white arrows in Fig. 6d ) as well as of the cerebellar Purkinje cell layers (Fig. 2d) are not clearly suppressed by MT (Figs. 2f, 6f ) but are reduced in T 2 W MR imaging (Figs. 2d, 6d) . Adapted with permission. [13] [14] [15] [16] 19, 28, 32 Further, by showing no globus pallidus contrast (Fig. 6g) , the administration of gadolinium chelates reveals that the cell packing in the nerve cell assemblies is not particularly tight, so the signal reduction in T 2 W MR imaging must result from highly concentrated paramagnetic substances, e.g., iron. Accordingly, Mn 2+ ions highlight the GP (white arrows in Fig. 6h) in agreement with the observation that the uptake, transport, and storage of Mn 2+ ions by nerve cells are associated with those of iron and that both iron and manganese concentrations in the GP are the highest in the brain. 66 The GP is most clearly contrasted from neighboring WM (black arrows in Fig. 6h ) where myelin hinders the diffusion of Mn 2+ ions. In contrast, the depiction of the hippocampal pyramidal cell layers-after gadolinium chelate administration (white arrows in Fig. 6g ) as well as in T 2 W MR imaging (lower white arrows in Fig. 6d )-indicates that both effects result from tight cell packing rather than a high iron concentration in respective cells.
The use of Mn 2+ ions permits delineation of some highly specialized nerve cells, including the olfactory mitral cells, hippocampal pyramidal cells (white arrows in Fig. 4 , lower white arrows in Fig. 6h) , and cerebellar Purkinje cells (white arrow in Fig. 5) , 19 from the granule cells (white arrowheads in Figs. 4 and 5) , although both types of cells are tightly packed (Figs. 2h, 3c ) and thus equally enhanced by gadolinium chelates (Figs. 2g, 3b) . These findings suggest significant activity of the specialized cells and limited activity of the granule cells to take up Mn 2+ ions. Mn 2+ ions also reduce the signals of nerve cells in T 2 W MR imaging, 19 which suggests that signal alteration of certain nerve cell assemblies in T 2 W MR imaging cannot be ascribed exclusively to iron.
Neuropil
The neuropil areas, composed of interlacing dendrites and axonal terminal ramifications, contain large extracellular and small intracellular spaces. Because of the abundant free water, neuropil areas are characterized by long T 1 and T 2 relaxation times, reduced magnetization transfer, strong enhancement by gadolinium chelates, and weak enhancement by Mn 2+ ions. 19 As an exception and despite their small intracellular spaces (Fig. 3b, c) , a few neuropil areas (e.g., s in Fig. 4e ) are even more enhanced by Mn 2+ ions (Fig. 4d) than granule cell layers (white arrowheads in Fig. 4e ) and no less than principal cell layers (white arrows in Fig. 4e) . The most likely explanation is their receipt of dense synaptic inputs. For example, the olfactory glomeruli are strongly enhanced, 4, 19 while disruption of their synaptic inputs results in significantly reduced enhancement. 67 Oligodendrocytes Iron, ferritin, and other paramagnetic ions are required for specific cellular activities and therefore more concentrated in nerve cell assemblies than in myelinated tissue. 23, 62 However, in specific neocortices where nerve cells are neither particularly ironrich nor tightly assembled, iron is most concentrated in layer IV, 2, 68 i.e., the outer stripe of Baillarger or the internal granular layer. 69 This is probably attributable to active myelination rather than associated with the granule cells because many lipidsynthesizing enzymes in oligodendrocytes utilize iron as part of their catalytic center. 70 Proteins involved in iron management, i.e., ferritin and transferrin, are also expressed in abundance within oligodendrocytes. 63, 70 Accordingly, layer IV in the human visual cortex, well known as the stria of Gennari for its pronounced myelination, can be clearly delineated by MR imaging 1,2 based on a locally increased T 2 relaxation rate. The effect is supposed to be caused by iron rather than macromolecules because the corresponding ex vivo MR imaging contrast 68, 71 is better co-localized with the iron distribution than with myelin or cell assemblies and is reduced after chemical extraction of tissue iron. 68 
Pathology
The most enlightening insight gained by subnanoliter MR imaging of the rodent brain in vivo is the clear identification of myelin-and cell-rich tissues by magnetization transfer saturation as well as their high signal intensities in T 1 W MR imaging and correspondingly low signal intensities in T 2 W MR imaging. In more detail, diamagnetic macromolecules and intracellular paramagnetic ions both shorten the relaxation times, but differentially increase and decrease 30, 31 the MT ratio (MTR), respectively (Table 1) . This principle seems valid in pathological conditions as well. Whereas most cells require paramagnetic ions for their proper functioning, pathological accumulations of paramagnetic ions are usually accompanied by a pathological collection of free water, i.e., edema. As a consequence, variable contents of diamagnetic macromolecules, intracellular paramagnetic ions, and free water may lead to complicated biochemical characteristics and diverse alterations of relaxation times and MTR. If, however, the common accumulation of paramagnetic ions and free water and their combined though reverse action on relaxation times cause no change, then MTR may be a useful measure because both components reduce MTR.
Astrocytes
Despite being the most abundant glial cells in the brain, astrocytes do not strongly contribute to brain MR imaging contrast except in the case of tissue damage that involves astrocytosis. Under oxidative stress, astrocytes may become rich in iron through an overexpression of heme oxygenase-1, an enzyme that promotes mitochondria iron sequestration. [72] [73] [74] Thus, the activated iron-rich astrocytes may survive an inflammation and become detectable by MR imaging. 72, 75 Furthermore, the manganese-dependent enzymes glutamine synthetase and manganese superoxide dismutase (MnSOD) may be abundant in activated astrocytes. The glutamine synthetase [76] [77] [78] is a glia-specific enzymatic protein (astrocytes and oligodendrocytes) that contains 8 Mn 2+ ions and accounts for approximately 80% of total manganese in the brain. MnSOD is one of the most important antioxidant enzymes [79] [80] [81] [82] that protect neurons and glial cells from free radicals. This protein is located in the mitochondria and allows an adaptation of the oxidative metabolism. 83 Its expression is highly regulated by various cytokines, 84, 85 e.g., in response to oxidant injury. 82 Accordingly, focal ischemia induces delayed hyperintensity on T 1 W MR imaging of the human brain, [86] [87] [88] [89] in agreement with intense MnSOD immunoreactivities 83 in reactive astrocytosis. 86, 88 In rats, temporal occlusion of the middle cerebral artery induces delayed hyperintensity on fat-suppressed T 1 W (and delayed hypointensity on T 2 W) MR imaging in the striatum, 75, 87 where the manganese concentration increases in proportion to the induced glutamine synthetase and MnSOD in reactive astrocytes. 75, 83, 87 The lack of fat signals in localized MR spectra of the rat brain 75 rules out microglial fat 90 as a source of MR imaging contrast. A significantly reduced magnetization transfer ratio 30 would further confirm the presence of iron and/or manganese ions as the dominant source of contrast.
Microglia
Similarly to astrocytes, microglial cells, as the resident macrophages of the central nervous system, do not contribute to MR imaging contrasts unless involved in tissue damage. The smallest glial cells in the brain, microglia react most quickly to scavenge toxic agents and maintain homeostasis. Accordingly, these cells may take up paramagnetic ions that eventually are released from damaged myelin, nerve cells, oligodendrocytes, astrocytes, and blood cells. Microglial cells are able to transform toxic Fe 2+ ions into more stable Fe 3+ ions by binding them to ferritin. 71 The resulting accumulation of activated microglias may therefore shorten the T 1 and T 2 relaxation times 64 of affected brain tissue. Microglial cells may also express a high oxygen superoxide scavenging potential related to the presence of MnSOD. 80 Optic nerves of animals with experimental encephalomyelitis showed a 13-fold increase in MnSOD in microglial and phagocytic cells as well as an 8-fold increase in MnSOD in astrocytes in comparison with controls. 91 Reduced T 2 * in ex vivo brain MR imaging of a patient with multiple sclerosis co-localized with both oligodendrocytes and activated microglial cells that had taken up iron released by tissue damage. 71 Accordingly, subtle MTR reductions in otherwise normal-appearing WM are associated with marked microglial activation in the brain of patients with multiple sclerosis 92 because intracellular paramagnetic ions are known to reduce MT saturation in vivo. 30, 32 One MR imaging study 90 using rats observed an accumulation of activated microglia after transient ischemia as a source of T 1 contrast in vivo in line with a case report in humans. 88 Given that neither a microglial paramagnetic ion nor potentially concurrent astrocytic manganese accumulation 87 was ruled out, fat-suppressed MR imaging is desirable for investigating lipids 90 as a potential source of contrast.
Hemorrhage
Histological and biochemical underpinnings of the MR imaging contrasts resulting from intracerebral hemorrhage have been described in great detail. 11, [93] [94] [95] [96] [97] In brief, fresh bleeding consists of free water and intact blood cells for approximately the first 12 hours. In MR imaging, T 1 and T 2 relaxation times of a lesion are longer than or equal to those of normal brain tissue, whereas the magnetization transfer ratio is less than or equal to that of the brain. Subsequently, gradual deoxygenation of oxyhemoglobin in red blood cells mainly shortens T 2 and T 2 * at about 12 to 72 hours, and a mild shortening of T 1 in parallel may reduce the MTR. At about 3 to 5 days, a breakdown of blood cells relieves the shortening of T 2 and T 2 *. On the other hand, the concurrent conversion from hemoglobin to methemoglobin allows much better access of water to the heme iron, which predominantly shortens T 1 and may also reduce the MTR. Finally, the iron is supposed to be sequestered and crystallized in hemosiderin to minimize its toxic effect, which again shortens T 2 . A potential mild reduction of T 1 would reduce the MTR as well.
Inflammation
Primary inflammatory changes, which take place in multiple sclerosis as the major demyelinating disorder, share several histopathological characteristics, e.g., perivenous lymphocytic cuffing and myelin sheath swelling, 98 that precede the loss of myelin. Accordingly, lesions are most commonly characterized by locally increased free water content, e.g., edema and demyelination, which typically present with increased proton density, prolonged T 1 and T 2 , and reduced MTR. Meanwhile, microglial proliferation 98, 99 as well as reactive astrocytosis 100 -102 may become prominent in and around the lesion, while iron-rich macrophages 103 and other blood cells 104, 105 from the systemic circulation may additionally participate through the impaired bloodbrain barrier. In some lesions, partial remyelination may take place. The MR imaging appearance of each of these elements during lesion development may be erratic and difficult to interpret. Several investigations reported poor correlation between visible lesion volume in standard T 2 W MR imaging and clinical signs. 106 Given the fact that intracellular paramagnetic ions and free water may mutually cancel relaxation effects but both reduce MT saturation (Figs. 1, 2, 4 , 5, 6), [28] [29] [30] [31] there may be a particular inflammatory condition in which the MTR is more sensitive than T 1 W or T 2 W MR imaging. In other words, longer T 1 and T 2 caused by increased free water content may be counterbalanced by the astrocytic, microglial, macrophagic, or hemorrhagic accumulation of iron and manganese, 71, 75, 80, 87, 91 whereas the MTR is reduced by each of these processes (Table 2) . For example, an increase in astrocytes and activated microglia appears to outweigh the decrease in oligodendrocytes in plaques, 107 which may offset prolonged relaxation times due to increased free water. In fact, a number of investigations reported a significantly reduced MTR in otherwise normal-appearing WM and GM, 92, 106, [108] [109] [110] [111] [112] [113] [114] a close correlation between the MTR and clinical disability, 114 -117 and a potential prognostic value of magnetization transfer MR imaging. 114,118 -120 More recent studies suggest that iron-laden/activated microglia 71, 121 and/or aggregates typical of small bleeding 71 cause focally increased T 2 relaxation rates and/or reduced MTR 92 within normal-appearing WM. Conflicting results 122 may be explained by heterogeneous and variable patterns in pathology, e.g., the extent of tissue damage and remyelination. For example, apart from astrocytosis or bleeding, 104, 105 iron content in a demyelinating lesion may depend on the iron in the remaining tissue as well as on the propensity of microglial cells for accumulating iron released from damaged structures. 71 Similarly, in encephalitis caused by the human immunodeficiency virus, inflammation leads to the loss of myelin and nerve cells, where reactive astrocytosis and generalized microglial activation take place as prominent pathological features. 123 Recent MR imaging studies found a significant reduction of T 1 and the MTR 124, 125 whereas mild T 2 * alterations did not correspond to clinical disability. A reduced magnetization transfer ratio may again be explained by T 1 shortening caused by paramagnetic ion accumulation that overrides T 1 lengthening due to increased free water, whereas prolongation of T 2 due to free water may compensate for concurrent T 2 shortening.
Neoplasms
A number of investigations examined the use of T 1 , T 2 , and MTR for the diagnosis and assessment of brain tumors. 106 In particular, significantly higher MTR values are shown in solid high grade gliomas and collagen-rich meningiomas than low grade gliomas. [126] [127] [128] The increased magnetization transfer saturation most likely results from increased diamagnetic macromolecules and reduced free water. On the other hand, an area of WM of reduced magnetization transfer at the periphery of metastatic tumors, 96 ,129 which appears normal in T 2 W MR imaging, suggests a locally increased concentration of paramagnetic ions caused by activated microglia, astrocytes, and/or spreading tumor cells, which shorten T 2 and offset its prolongation caused by edema or demyelination. 
Conclusion
Recent investigations at increasingly high spatial resolution unraveled the major sources of MR imaging contrasts in mammalian brain in vivo in relation to the underlying histological context. Exogenous T 1 shortening by extra-and intracellular agents contributes to the validation of endogenous contrast sources by improving the contrast-tonoise ratio and/or spatial resolution as well as by facilitating direct comparisons with histological data. Myelin, nerve cells, and neuropil determine the basic in vivo MR imaging contrasts by their diamagnetic macromolecules, intracellular paramagnetic ions, and extracellular free water. Given the observation that only high resolution MR imaging delineates specific brain structures, the lack of corresponding contrasts in MR imaging of the human brain does not necessarily represent a histological difference between species but may be ascribed to partial volume effects. In addition, reduced relaxation times are reported for cells associated with disorder, e.g., activated glial cells, which require paramagnetic iron and/or manganese ions for their activities. Accordingly, the magnetization transfer ratio may be reduced by elevated concentrations of paramagnetic ions as well as by increased tissue fluids, whereas these processes may counterbalance potential alterations in relaxation times.
